Underwater wireless optical communication (UWOC) is an emerging technology for discovering, exploiting, and protecting various underwater resources. Due to the diverse water clarity conditions, light signals are expected to propagate in a fashion dominated by the line-of-sight (LOS) to non-line-of-sight (NLOS) regime. To fully benefit from the high capacity underwater internet that UWOC could offer, especially in the presence of turbid water, a system that obviates the stringent requirements for pointing, acquisition, and tracking (PAT) is required. Herein, we demonstrated a robust NLOS UWOC link fully relieving the requirement on PAT. Based on a system design consisting of an ultraviolet (UV) laser for enhanced light scattering and a high sensitivity photomultiplier tube (PMT), we established an NLOS link with a data rate of 85 Mb/s and a transmission distance of 30 cm using on-off keying (OOK) in emulated highly turbid harbor water. Further, a data rate of 72 Mb/s is still achieved when the alignment is totally lost, i.e., the pointing directions of the transmitter and receiver are parallel. A longer transmission distance up to 40 m is also envisaged. Our findings will pave the way for a practical, short-reach, NLOS UWOC link in realistic oceanic scenarios. (B.S. Ooi).
Introduction
Over 70% of the Earth's surface is covered by water. To meet the demands of emerging underwater activities, such as tactical surveillance, environmental monitoring, marine archeology, and ocean rescue missions, the Internet of Underwater Things (IoUT) is expected to be developed in the near future [1] . Through integrating with existing underwater communication technologies, e.g., acoustic and radio frequency (RF) communication, underwater wireless optical communication (UWOC) is playing a vital complementary role in fulfilling the requirements of IoUT. Owing to its large modulation bandwidth (∼MHz-GHz), low latency, high energy efficiency, and small-footprint transceivers, UWOC can provide data transmission over tens of meters at data rates of several Gbit/s [2] [3] [4] [5] . Hence, UWOC will enable the creation of a worldwide network of smart interconnected underwater objects and digital connections throughout our oceans, streams, and lakes.
The low water absorption coefficient in the blue-green window means that current UWOC studies mainly rely on light with wavelengths in the range 400-520 nm and a line-of-sight (LOS) configuration, which requires rigid alignment between the transmitter and the receiver [6] . Clear-water channels with low absorption and scattering are favorable for long-haul transmission using LOS UWOC. However, that UV incurs lower path loss in NLOS UWOC compared to violetblue light (405/450 nm) [12] , and therefore the utilization of UV lasers [13] is further justified. Additionally, compared with other optical wavelengths, the solar radiation noise in the UV spectrum is the lowest on the Earth's surface because of absorption through the ozone layer [14] . Fig. 1 illustrates the complementary approaches that one could envisage for underwater internet, and calls for further research in the domain of NLOS communication.
Despite the advantages of communication links in the UV region, the limitations in the transmitter and receiver technologies hindered the development in this regard. Practical UVB/UVC lasers are currently unavailable. For the receiver, high-performance photodiodes across the UV range with high sensitivity and response speed are crucial for communication applications. However, due to the low penetration depth of UV photons in the silicon layer, e.g., <20 nm for deep UV to UVA regime, the responsivity of commercial Si-based photodetectors usually exhibits less than 0.1 A/W for wavelengths below 400 nm, while further gradually decreasing towards the deep UV range [15] . Besides, severe inter-symbol-interference (ISI) caused by the multipath scattering process also impedes the development of UV-based NLOS UWOC.
Being constrained with these issues, previous UV NLOS UWOC studies have relied on simulations. Monte Carlo simulations [16] and the Henyey-Greenstein (HG) phase function [17] were used to develop models describing the transmitted photons' trajectory. The impulse response [11, 18] , bit-error-ratio (BER) performance [11, 19] , and the effects of channel geometry on path loss [20] have also been predicted based on theoretical simulations.
Given the limitations mentioned above, in this work, we adopted a UVA laser (377 nm) as the optical transmitter. A photomultiplier tube (PMT) with high sensitivity (7 × 10 5 A/W) in the UV range was deployed to detect the weak received power. Aperture averaging mitigates the ISI through the use of an aspherical condenser lens with a large diameter (75 mm). Adopting the least-complex on-off keying (OOK) modulation technique, with a received power of 28 nW, we achieved a data rate of up to 85 Mb/s through a highly-turbid water column. The BERs with respect to the path loss were also measured at various data rates. A longer transmission distance up to 40 m in a turbid NLOS UWOC link was further envisaged by considering the experimental results and a reported simulation study. We believe that our first-of-its-kind demonstration will open a new research paradigm complementing the LOS counterpart, especially in realizing stable and high-speed wireless communication in challenging water environments.
Experimental details

Transmitter
The transmitter used in this study is a TO-56 packaged UV diode laser (Nichia NDU4116). As shown in Fig. 2(a) , the device has a center wavelength of ∼377 nm, which is suitable for UV-based NLOS UWOC. However, multiple side modes are also present, which may introduce nonlinear noise to the signal modulation. The optical power-currentvoltage (L-I-V) characteristics of the UV laser diode used in this study are shown in Fig. 2(b) . The laser has a turn-on voltage of 3.078 V and a threshold current of 50 mA. The laser has a maximum operating current of 140 mA and a corresponding voltage of 6 V. Therefore, we limit the AC modulation voltage to less than 3 V. A bandwidth over 400 MHz is measured for this UV laser diode, this can be found in the supplementary information ( Fig. S1 ). 
Receiver
A PMT is an extremely sensitive light detector that provides a current output proportional to the intensity of the incident light. Therefore, though PMTs are typically used in photon-counting applications [21] , they can also be used as detectors in optical wireless communication deploying intensity-modulation direct-detection (IM-DD) schemes, such as OOK or orthogonal frequency-division multiplexing (OFDM). Thus, a PMT is more preferred as the receiver in an NLOS UWOC link since it is able to provide high responsivity at the UV range through various amplification processes. The gain of the PMT will be tuned by the driving voltage. However, the amplification process obviously increases the response time of the PMT, which, in turn, limits the bandwidth of the PMT. A PMT (Hamamatsu R955) with a sensitivity of 7 × 10 5 A/W at 377 nm was used in this study. The input for the high-voltage controller was set to 2 V, corresponding to an allowable maximum incident power of 28 nW for the PMT, which is sufficient to ensure the feasibility of detecting intensity-modulated signals. The maximum incident power for the PMT under different inputs for the high voltage controller can be found in the supplementary information (Table S1 ). The PMT has a measured bandwidth of 37 MHz, and this can be found in the supplementary information ( Fig. S2 ).
Water channel
In natural waters, particle sizes ranging from 0.01-1000 μm are of special interest to researchers concerned with the optical properties of seawater and light propagation in the sea [22] . In this investigation, four types of ocean water were considered: clear seawater, coastal water, and two types of harbor water, emulated by adding precise quantities of commercial antacid (Maalox ® ) to deionized water (DI). The particle and molecule size distribution in the Maalox solution was measured with Zetasizer and shown in Fig. 3(a) . This is a Gaussian distribution with a peak particle size of 625 nm and a standard deviation of 128 nm. This distribution is within the interval range mentioned above and produces both Mie scattering (forward scattering) 4 . The schematic of the experimental setup for UV laser-based NLOS UWOC. The setup consists of a ME 522A bit-error-rate tester, an 86100C digital communications analyzer, a UV laser diode, and a PMT. The communication link is a highly turbid water column emulating harbor II water, in which a certain amount of Maalox is mixed into the deionized water in a carefully prescribed fashion. and Rayleigh scattering. Previous laboratory experiments have demonstrated that the Maalox solution presents excellent scattering features, similar to those of real ocean particles [23, 24] . In addition, Laux et al. experimentally validated the use of Maalox as a scattering agent by measuring and comparing its volume scattering function (VSF) against two different measurements [24] , providing a baseline for determining the concentration of Maalox needed to emulate different ocean water types. We measured the attenuation coefficients at a wavelength of 377 nm in the four water types. As shown in Fig. 3(b) , as the water turbidity increases, the attenuation coefficient increases. The DI water has the lowest attenuation coefficient (0.007 m −1 ), and the type II harbor water has the highest attenuation coefficient (2.19 m −1 ). The pure seawater, coastal water, and harbor I water have attenuation coefficients of 0.151, 0.398, and 1.1 m −1 , respectively. The insets in Fig. 3(b) show the photos of the scattering effect when a 377-nm light beam propagates through the different water types. It is clear that the scattering is enhanced in the turbid water columns. For harbor II water, which has the highest attenuation coefficient, it is assumed that implementing a LOS UWOC link would be very difficult. However, as discussed above, UV-based scattering NLOS UWOC benefits from the effects of turbidity. In our case, the NLOS link is constructed in the harbor II water, which is the most turbid among the four types considered in this study. Fig. 4 presents a schematic of the experimental setup for UV laser-based NLOS UWOC using a non-return-to-zero OOK (NRZ-OOK) modulation scheme. At the transmitter side, a UV laser and a UVantireflection (AR)-coated collimation lens are mounted on a thermoelectric cooler (TEC) module (Thorlabs LD56F/M). The pattern generator (ME 522A Transmitter) is used to generate a pseudorandom binary sequence (PRBS) 2 10 -1 pattern, and the data stream is fed into the UV laser. At the end of the transmitted beam in the water tank, a commercial beam dump is used to sink the incoming light photons to prevent the reflection from the tank wall, thus ensuring that all light received at the receiver side is from the scattering in the water. The photons scattered by various molecules in the water are then captured by the receiver. An AR-coated aspheric condenser lens (ACL 7560U-A) with a large diameter of 75 mm is installed in front of the receiver for aperture averaging, in order to reduce the multipath effects [25] . An adjustable iris with an optimal diameter of 0.8 cm is placed after the ACL for better signal quality by allowing only the converged UV light propagating into the receiver. These photons then pass through a neutral-density filter (NDF) with an optical density of 2 (OD2, transmission = 1%) and are finally detected by the PMT, inducing the current signal. After passing through a transimpedance amplifier (TIA, Hamamatsu C6438-01) with a gain of 25 mV/μA, the current signal is amplified and converted to a voltage signal. The received signal is then sent back to the ME 522A receiver and a digital communication analyzer (Agilent Technology 86100C) for error ratio calculations and eye-diagram analysis, respectively. The signal-to-noise ratios (SNRs) for each data rate are also measured by the Agilent Technology 86100C. A synchronization clock is connected between the ME 522A transmitter and ME 522A receiver as well as between the ME 522A transmitter and an oscilloscope. The water tank used in this study has dimensions of 45 cm (length) × 30 cm (width). The distance between the transmitter and the receiver in this study, which is limited by the physical space, is 30 cm. To utilize the scattering of the whole water column, and to imitate the real ocean without any artificial boundaries, the transmitter has an azimuthal angle of 45 • ( x = 45 • ) so that the beam can propagate from the right bottom corner to the top left corner of the water tank. Limited by the water tank size, the azimuthal angle of the receiver is regulated according to the received power and the NDF in front of it, and in this study, this angle is 23
Experimental setup
With the purpose of ensuring all possible paths contributed to the received signal except the NLOS scattering path in the experimental setup are effectively blocked, various methods and characterizations have been implemented to mitigate the reflective paths and also the possible light guiding paths. Firstly, reflective paths have been characterized and minimized. A separation board is installed between the UV laser diode and the PMT to prevent any scattering from air. Also, the transmitter and receiver are operated in a dark room and separated in two sealed black enclosures to prevent any reflection from other nearby objects. Furthermore, except for the incident glass wall of the water tank, the other inner walls of the water tank are covered with absorbing black coating to diminish the reflection from the glass walls. The reflectivity of the black coating is further characterized, as shown in Fig. 5(a) . The measurement at an angle of 0 • means direct reflectivity, and the measurements at other angles are for the diffuse reflectivity. The results show that the implemented black coating absorber significantly reduces the reflectivity to a mere 0.0024% for direct reflection, and the diffused reflection for the black coating gets much weaker with increasing angle of measurement. By doing so, we excluded the possible reflection from the glass walls and the black coatings. Besides, the possible waterair interface reflection has also been characterized using the PMT by placing the black coating floating on the water surface. Using the same configuration ( x = x = 90 • , bias current for the laser of 65.5 mA) and Harbor II water type, we measured the received power of 13.68 nW with the black coating and 14 nW without the black coating. The small difference of 0.32 nW indicates that the water-air interface reflection contributes to a mere 2.3% of the received power.
Additionally, we characterized the possible light guiding path, which is horizontally guided from the laser to the PMT by the glass in front of these devices. Note that some glasses are good light guiding mediums for some wavelengths [26] . As shown in Fig. 5(b) , all the inner sides of the glass tank are covered with the black coatings, the transmitter and receiver sides are further enclosed in two separate enclosed boxes. By doing so, we limit the received power coming from the light guiding path through the glass wall. Under this configuration, a received power of 0.028 nW was measured using the PMT. Compared to the received power through the scattering link of 14 nW as mentioned above, the light guiding path from the glass wall contributes merely 0.2% to the total receiver power, which is negligible. In summary, the scattering paths, reflective paths, and light guiding paths have been clarified in this study, and only NLOS scattering paths are ensured to be active. Fig. 6(a) shows the PMT output current in response to the laser bias. A linear PMT response region appears when the laser bias current is in the range 40-90 mA. It gradually becomes saturated as the laser bias current increases above this range. Based on the PMT response curve, we set the bias current for the UV laser diode to 65.5 mA. An OOK signal of amplitude 3 V, fully utilizing the dynamic working voltage range of the laser diode, is set to obtain the maximum SNR, thus optimizing the channel performance. Additionally, the optimization of the bias current and the signal amplitude is further demonstrated by measuring the changes in BER with respect to the bias current at a data rate of 55 Mb/s. As shown in Fig. 6(b) , an optimized bias current of 65.5 mA provides the lowest BER for the system. According to the − − curve of the laser diode, the corresponding output power from the UV laser diode under this bias current is 25 mW. The received radiation power can be derived from the corresponding PMT current:
Results and discussion
where is the output current of the PMT after it detects the light signal, is the quantum efficiency of PMT cathode material, which is 25% according to the specification, is the cathode sensitivity, which is 70 mA/W, and is the gain from the PMT cathode to its anode during the amplification process, which is 10 7 . The average received power for the PMT under the specific bias current of the UV laser is 14 nW, with a maximum received power of 28 nW (limited by the output current of the receiver system, which is 50 μA) when the UV laser reaches the maximum operating current.
As a figure of merit, the small-signal frequency response of this NLOS UWOC system is shown in Fig. 7(a) , taking into account both the transmitter (the UV laser diode) and the receiver (the PMT). A −3-dB bandwidth of ∼31 MHz is measured. Given the fact that the UV laser and PMT have a bandwidth of over 400 MHz and 37 MHz, respectively, the modulation bandwidth of the system is, therefore, channel-limited.
The BERs measured at various data rates are shown in Fig. 7(b) . When the data rate increases, the BER gradually approaches the forward-error-correction (FEC) limit of 3.8 × 10 −3 . A BER of 3 × 10 −3 is measured at a data rate of 85 Mb/s. Fig. 7(c) shows the eyediagrams for the received signal under various data rates. Open eyes are observed for the received signal with a BER below the FEC limit. As the BER nears the FEC limit, the eye-opening becomes smaller. The SNR decreases from 5.81 dB to 2.97 dB as the data rate increases from 30 Mb/s to 80 Mb/s. Note that the PMT is negatively biased, which makes the output negative. Therefore, the upper levels in the eye-diagrams represent logic 0, and the lower levels represent logic 1. Compared to the eyes obtained for optical back-to-back (OBtB) transmission, increasing accumulation of scattered data points can be seen at the logic 1. This nonlinear effect may be caused by the multiple modes in the laser, as previously mentioned [27] . Among those scattered photons that are collected by the PMT, it is highly possible that the path length differences between scattered photons result in temporal dispersion. In a sense, this temporal dispersion limits the link bandwidth, as mentioned above [28] . Further signal improvements can be achieved with low-noise elements or by using proper modulation schemes, e.g., RZ OOK, which offers better tolerance of nonlinear effects and noisy environments [29] .
Aiming to determine the maximum path loss for a specific data rate, we studied the BER performance as a function of the path loss over a 30-cm transmitter-receiver distance with data rates of 50 Mb/s, 52 Mb/s, and 70 Mb/s. The received optical power is attenuated using a series of NDFs (Thorlabs NUK01) at the receiver side. The path loss is calculated from the received optical power:
where PL is the path loss for the system; and are the received and transmitted optical power respectively. Fig. 8 shows the measured BER with respect to the path loss. As shown in Fig. 8 , the maximum path loss for maintaining a data rate with a BER below the FEC limit at 70 Mb/s, 52 Mb/s and 50 Mb/s are 66.5 dB, 68.5 dB and 69.5 dB, respectively. With these path loss values, according to [20] , NLOS UWOC links with transmission distances larger than 40-m can be envisaged. However, given the characteristics of range-dependent ISI, modulation schemes being capable of mitigating the data transmission errors brought from the increased ISI are required for future deployment [30] .
To demonstrate that the requirement on PAT can be fully relieved in NLOS UWOC links, we further increase the azimuthal angles of both the transmitter and receiver. As shown in Fig. 9(a) , the azimuthal angle of both the UV laser and PMT are set at 90 • ( x = 90 • , x = 90 • ), establishing a UWOC link with no alignment. By reducing the attenuation of the neutral density filter, the received optical power is controlled at the same range in this case to match that of the previous configuration ( x = 45 • , x = 23 • ). The achievable data rates using OOK are measured, as shown in Fig. 9(b) . A maximum data rate of 72 Mb/s with a BER of 3.7 × 10 −3 is still obtained under this configuration. These results suggest that effective high-speed communication is still maintained even though the link totally lost its alignment.
On the other side, it should also be noted that the maximum achievable data rate of 72 Mb/s is lower than the data rate of 85 Mb/s achieved in the case of x = 45 • , x = 23 • . The SNRs under this configuration for each data rate are measured and compared with those when x = 45 • , x = 23 • , to investigate the possible reasons. As shown in Fig. 10(a) , with increasing of the data rate, the SNRs are decreasing. This can be explained from the limitation of the system bandwidth. Besides, due to the increased multiple scattering process, increased ISI during the signal propagation occurs when we increased the azimuthal angle of transmitter and receiver to 90 • . This can also be approved by observing the impulse response of the systems. To investigate the temporal response of the link without being limited by the measured bandwidth of 31 MHz, we sent a pulse with a frequency of 10 MHz (100 ns/period). To simplify the analysis, we set the duty cycle at 50%. The total pulse width is of 52.5 ns takes into account the 50 ns trapezoidal pulse width, and 1.25 ns from half of the leading edge and 1.25 ns from half of the trailing edge. Under the two configurations, the received pulses with average mode are measured and shown in Fig. 10(b) . As can be seen, the temporal dispersion for the configuration of x = 90 • , x = 90 • is slightly larger than that for the case of x = 45 • , x = 23 • . Therefore, the SNRs for x = 90 • , x = 90 • are always smaller than those for x = 45 • , x = 23 • . Hence, more proper modulation schemes to mitigate such ISI should be carefully investigated for the deployment of NLOS UWOC in the real environment.
As discussed above, to further extend the transmitter-receiver distance and the data rate of the UV scattering-based NLOS UWOC systems, researches on both the transmitter and the receiver ends are critical. Single-mode high-power UV semiconductor lasers are needed, in particular, deep UV diode lasers. Ambient radiation-free at UVC region (100-280 nm) from the sun makes it feasible to reduce the noise significantly for an NLOS UWOC. The PMT used in the study provides high sensitivity at the price of the bandwidth in that it has a large detecting window (i.e., 8 × 24 mm). A UV photodetector simultaneously owning high sensitivity (i.e., > 10 5 A/W) and high speed (i.e., GHz) is demanding. By implementing with efficient modulation schemes, such developments of UV devices are supposed to help to build low-cost, high-speed, long-haul UV scattering-based NLOS UWOC. Various challenging underwater wireless optical communication links are becoming feasible, such as UWOC in turbid water, UWOC in an underwater environment full of obstacles, UWOC between an underwater node, and an autonomous underwater vehicle (AUV) with high motility.
Conclusions
We have demonstrated a UV laser-based NLOS UWOC system up to a data rate of 85 Mb/s in a highly-turbid water channel based on an NRZ-OOK modulation scheme. An effective communication link with a data rate of 72 Mb/s still holds when the channel lost its alignment completely, i.e., when the pointing direction of x is parallel to that of x . The proposed UWOC system employs a UV laser diode with an emission wavelength of 377 nm at an optimized bias condition, exhibiting a −3 dB bandwidth of 31 MHz. A longer transmission distance of up to 40 m is also estimated by comparing the BER vs. path loss studies with the reported theoretical literature. We believe that our first-of-its-kind NLOS demonstration will open a new research paradigm complementing the current LOS UWOC systems, especially in terms of realizing stable and high-speed wireless communication for challenging wireless underwater channel scenarios (i.e., turbid water column as well as underwater-object motility and mobility). Future UWOC system design should consider a UV-transmitter based NLOS modality in addition to the visible-light LOS modality for multi-scenario operability. 
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